Redox chemistry in the pigment eumelanin as a function of temperature using broadband dielectric spectroscopy †
Introduction
Conductive biomaterial systems are actively being investigated for potential insights that may lead to technological applications. These biomaterial systems and their applications are quite diverse [1] [2] [3] [4] and include specic systems such as bacterial extracellular laments, [4] [5] [6] conductive protein mats 7, 8 and doped polysaccharides, 9 to select a few. One such material that is receiving a lot of attention is the biomacromolecular system eumelanin as a model bioelectronic material. 10 Eumelanin has already been tested in various devices platforms such as UV lters, 11 solid-state organic electrochemical transistors, 12 metalinsulator devices, 13 exible supercapacitors, 14 extended gate eld effect transistors, 15 engineered electrodes 16 and edible batteries. 17 Eumelanin, the archetypal melanin and referred to as melanin from now on, is part of a family of melanins primarily associated with photo-protection and pigmentation. [18] [19] [20] It is also found in areas of the body, such as in the substantia nigra of the brain stem, which would suggest other roles. This has led to speculation as to other functions such as radiation protection, free radicals scavenging and heavy metal ion chelation.
18-23
An additional property is a free radical signal as measured by electron paramagnetic resonance (EPR).
20,24-29
The signal consists of two radicals: a carbon centered and semiquinone free radical. The most important for conductivity is the semiquinone radical (see below).
26
The most relevant property for devices is melanin's hydration dependent conductivity. In the past ve years it has been shown that melanin should be regarded, at minimum, as a mixed ionic/electronic conductor 24, 30, 31 with a predominant proton component.
This hydration dependent effect is signicant in that it can change the observed conductivity by orders of magnitude though the water content only increases linearly. 24, [30] [31] [32] [33] Hence, it has become clear that any electrical study of melanin requires a degree of hydration control. The aforementioned mixed ionic/ electronic viewpoint should actually be further narrowed to viewing melanin as a proton conductor exclusively based upon recent impedance work in which thin lms of melanin were subject to hydration control. 34 Based upon this hydration dependent behaviour, the origin of the conductivity in melanin is ascribed to a comproportionation reaction (Fig. 1 , pathways IV and V) where adding water yields hydronium and semiquinone radicals for conduction. As a result, what the recent hydration dependent work shows is that the previous four decades old amorphous semiconductor model for melanin 20, [35] [36] [37] should be discarded. However, even with the recent progress, there is a noticeable absence in the recent melanin work on its conductivity behavior, which is a systematic investigation of its redox chemistry as a function of temperature. Most of the recent work has focused on hydration dependent behavior. Currently, this state of affairs needs to be rectied to conrm the validity of the proposed comproportionation reaction model, since it would be expected that there should be consistency between the hydration and temperature dependent conductivity behavior.
One way to study the conductivity, hence the redox chemistry of melanin, is by performing temperature dependent direct current (DC) and broad-band dielectric/alternating current (AC) measurements. Furthermore, information of molecular and charge dynamics is provided by specic heat measurements. However, when it comes to conductive biomaterials in general, one oen nds that temperature dependent studies, either on wet or dry biomaterials, are done with no concern given to properly controlling the hydration content.
10 As has been demonstrated with the melanins, 30 water content of a biomaterial is a rst order variable for its conductive behavior. Other materials in which it is clear that water plays a signicant role include the conductive bacterial laments. 38 Thus, doing a temperature dependent study without proper water content control will bring out confounding errors due to water evaporation or condensation into the sample.
10
Hence, the temperature dependent work presented here are on melanin samples in which the water content has been controlled.
To date there are only a few temperature dependent, conductivity studies that have been done on melanin, which is unusual given its promise. The most thorough and consistent temperature dependent AC and DC measurements, attempting to account for hydration, were undertaken by Jastrzebska et al. 32, 39, 40 Their data indicated that the room temperature DC conductivity of melanin rises from 10 À13 to 10 À5 S cm
À1
depending on the hydration level 32 and found DC conductivity activation energies of 0.49-0.76 eV depending on the level of vacuum and heating or cooling type of the measurement. The AC response of melanin as reported by Jastrzebska et al. 40 was measured in the frequency ranges of n ¼ 10 2 to 10 9 Hz and 39 
10
À2 to 10 7 Hz with the latter study utilizing a broader temperature interval of 253-393 K. Critically, Jastrzebska et al.'s AC studies were performed without thorough control of ambient humidity. In all their analyses, they presumed a semiconductor model, which has proven to be untenable. Thus, the interpretation of their results is now open to question. As to specic heat measurements, there exist only few such experiments on melanin, which include work on only a narrow temperature interval of 0.3-4.2 K 47 (showing potential magnetic phase transitions), and on only wet samples of melanin 48 with contributions assigned to melanin and water separately. However, as Fig. 1 indicates, one can't separate out water and melanin contributions since water changes the chemistry of Fig. 1 Redox transformations of indolequinone blocks within melanin, which is built from two main monomer units, dihydroxyindole (DHI) and dihydroxyindole carboxylic acid (DHICA), both of which are hydroquinones. In the top left corner, a quinone (a different redox state of the hydroquinone) and hydroquinone are depicted. The R indicates either an H or COOH group commensurate with either an original DHI or DHICA starting monomer. Thus far most studies have understood the conductivity of melanin via the chain of equilibria entities labelled IV and V. In the dry state only equilibria I and II are possible. Addition of water shifts the system to formation of charged semiquinone anion form SQ À and generation of hydronium cations which play the main role in creating a pool of diffusible protons.
melanin. Furthermore, if a proper comparison is going to be made with dielectric/AC and DC data, similar temperature ranges need to be covered up to and including room temperature.
It is clear that if the solid-state comproportionation reaction model for conductivity of melanin is to be conrmed via temperature dependent data, certain gaps will need to be lled. Hence, the work presented here addresses the outstanding problems by performing the rst broad-band radio-frequency (1 Hz to 1 MHz) and terahertz (0.2-3 THz) temperaturedependent (5-325 K) measurements of complex AC conductivity and dielectric permittivity of melanin samples with different water content. These studies are supplemented by the rst careful measurements of specic heat at temperatures 1.8-300 K. Furthermore, we'll show that utilizing universal scaling the data analysis and understanding of melanin can be significantly enhanced and essentially conrm the comproportionation reaction model for conductivity. Finally, all the work above we will show were done with hydration control in mind, which will demonstrate the importance of controlling not just temperature and frequency, but hydration as well.
Materials and methods

Sample preparation
Melanin was synthesized following a standard literature procedure 25 utilizing as the initial starting material D,L-dopa (Sigma-Aldrich). D,L-dopa was dissolved in deionized water, subsequently adjusted to pH 8 using NH 3 (28%). Air was then bubbled through the solution while being stirred for 3 days. During the 3 days synthesis the pH would naturally decrease due to the NH 3 evaporation, which would necessitate the need to add ammonia periodically to bring the pH back to 8. By keeping the pH at a maximum of 8 and letting it decrease naturally ensured that ring ssion of the indolquinone moieties are kept to a minimum and hence the synthesised melanin is a biomimetic material. 41 The solution was then brought to pH 2 using HCl (32%) to precipitate the pigment. The solution was then ltered and washed multiple times with deionized water and dried. We also note, as per the XPS work below, that our synthetic samples, although a comparable biomimetic analogue to naturally occurring melanin, do have a higher amount of DHI (Fig. 1 ) moieties relative to DHICA moieties ($7 : 3) than what would be expected for naturally occurring melanins which usually exhibit a 1 : 1 ratio of DHI to DHICA. 41 A basic elemental characterization was performed on the sample by use of X-ray Photoelectron Spectroscopy (XPS). Measurements were at the Centre for Microscopy and Microanalysis Xray Analysis Facility (UQ) using a Kratos Axis Ultra XPS Surface Analysis System with a monochromatic Al Ka X-ray source. Survey scans were taken at a 120 eV pass energy and analysis performed using CASA XPS soware. Atomic ratios for C, N and O were determined and came out at O $21.3%, C $70.9% and N $7.9%. These values are commensurate with a polymer based upon $70% DHI monomers. The powders were pressed (30 minutes at 6000 bar) into round pellets with the thickness of 1-2 mm and diameter 8-10 mm by means of LabTools hydraulic press system (Russia). To stabilize the water content the samples were placed then in hygrostats. We controlled the reference values of humidity by means of saturated solutions of LiCl, MgCl 2 
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Radiofrequency range AC measurements
The pellets with the 8-10 mm diameters and 1.2-1.3 mm thicknesses were used for the study. Au-electrodes were evaporated on plane-parallel surfaces using BAL-TEC (SCD 050) Sputter Coater. The contacts for applying the electric eld were provided by silver wires xed by a silver (Degussa) paste. Lowfrequency complex dielectric permittivity, losses and conductivity were measured at frequency (1 Hz to 1 MHz) and temperature (5-295 K) ranges in a standard way using a NOVOCONTROL Alpha-AN High Performance Frequency Analyzer in conjunction with a JANIS ST-100 cryostat controlled by temperature controller Lakeshore 335. The temperature rate and applied AC electric eld was about 0.2 K min À1 and 0.83-0.77 V mm À1 , respectively.
DC-measurements
DC conductivity was measured in a 4-point van der Pauw geometry with contacts made with silver paint. The voltage was measured with a Keithley 2002 voltmeter (input resistivity above 100 GOhm) and Keithley 6517A electrometer. The commutator leakage resistance was or the order of TOhm that allows to reliable measure sample resistance of 1-10 GOhm.
Terahertz range AC measurements
Terahertz measurements were done using a commercial pulsed terahertz spectrometer TeraView TPS Spectra 3000 (UK) equipped with a home-made helium-ow optical cryostat with Mylar windows.
Specic heat measurements
The specic heat data were collected by a relaxation technique in a Quantum Design physical property measurement system (PPMS) in the temperature range 1.8-300 K. The samples of a rectangular shape with the mass $10 mg were used. Dry samples were prepared by means of 72 hours incubation in Ar (p $ 1 atm). Wet samples were made from dry by means of 48 hours incubation in 100% RH atmosphere at 25 C. Water contribution into nal mass of the samples was estimated by weighing. Experiments with wet samples started with fast (20 degrees per minute) cooling aimed to minimize water evaporation in helium ow (p $ 5 torr) inside the cryostat.
The modelling of the boson peak
We modelled the low-temperature dependences of the specic heat of our samples via a sum of the Debye contribution and the additional excess vibrational density of states due to a Lorentzian distributed boson peak:
where g BP (n) is the frequency dependent density of states for the boson peak, n d is the frequency width of the boson peak and n 0 is the is the frequency position of the boson peak. The resulting specic heat is then given by a standard expression:
where n D is the Debye cutoff frequency is related to the Debye temperature
(with k B and h being Boltzmann and Planck's constants, respectively), n max > n 0 + n d . From the peak position we estimate the correlation length x, that is associated with the spatial scales of elastic constants uctua-tions which produce the boson peak on a microscopic scale. Its value is usually dened as the ratio of the transverse sound velocity v s to the boson peak frequency as x z v s /n 0 . 44 We calculate the values of x with the sound velocity estimated to be 2 Â 10 5 cm s
À1
.
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Experimental results
Electrical measurement results
Fig . 2 depicts the radiofrequency-terahertz spectra of the real 3 0 (n) and imaginary 3 00 (n) parts of the permittivity and the real component of the conductivity, s 1 (n) ¼ n3 00 /2 for two types of melanin sample -one dried in vacuum for 10 hours and another incubated at 48% RH at 22 C, which corresponds to a mass gain of $13.5%. This level of hydration is sufficient for melanin to be in the conductive regime in which the comproportionation reaction is strongly exhibited. 26, 30, 31 A strong decrease in the real and imaginary permittivity values are seen at room temperature in the spectra of the wet melanin as one increases the frequency. Such behavior is accompanied by moderate increase of the frequency dependent conductivity s 1 (n). However, when cooled down, the strong dispersion observed for 3 0 (n) and 3 00 (n) weakens signicantly and both spectra nearly atten at around 150 K. The nearly constant imaginary permittivity, 3 00 (n) z const, together with the corresponding conductivity s 1 (n) $ 3 00 n $ n 1 behavior indicate emergence of the nearly-constant loss regime frequently observed in biological and disordered systems. [50] [51] [52] [53] [54] [55] [56] In contrast, the dry sample appears to be in a nearly constant loss regime already at room temperatures, with cooling only having a minimal effect. This indicates the clear effect that water has on melanin's electrical properties in promoting a hopping regime for conductivity (see below).
We also note that the temperature dependent features in the permittivities (including similar values and frequency features) show the same qualitative behavior as those for melanin thin lms 34 (see also Fig. S1 †) that are successively hydrated. The observed temperature evolution of the spectra was processed with the minimal set of appropriate terms. The pronounced dispersion in the high-temperature spectra below 1 MHz was modeled with the Havriliak-Negami relaxation expression 57 commonly used to describe frequency dependent response in disordered media:
where D3 HN is the dielectric contribution of the relaxation, f R is the relaxation frequency, a and b characterize the broadness and asymmetry of the relaxation peak, respectively. The relaxation frequency f R was estimated to be z 0.2 Hz and was found Fig. 2 Radio-frequency and terahertz spectra of (A) real and (B) imaginary dielectric permittivity and (C) AC conductivity at different temperatures as indicated. Circles indicate melanin incubated at 48% RH and 22 C (containing $13.5% wt of water) and rhombuses for melanin dried in vacuum for $10 hours. Solid lines correspond to fitting of the room-temperature spectra as described in the text. Dashed line in panel (C) corresponds to the s 1 f n s , s ¼ 1, dispersion in the nearly-constant loss regime, 3 00 (n) $ s 1 /n ¼ const. Coincidence of the room-temperature DC conductivity (see (C)) with the AC conductivity signifies absence of any contact effects.
to be almost temperature independent. To describe the growing over several decades conductivity we had to introduce, additionally to the Havriliak-Negami term, the hopping-like term for conductivity, 58 that is the only mechanism adequately corresponding to the observed spectral response. The hopping conductivity is given as
And the real permittivity is provided by the Kramers-Kronig relations as
We also observed a second relaxation process in the room temperature permittivity and conductivity spectra with its f R estimated around 60 Hz (bump between 100 and 1000 Hz in conductivity and imaginary permittivity spectra, see Fig. 2 ). This second relaxation disappeared during cooling much faster than the 0. Example of a least-square t of the radio-frequency and THz spectra is shown by solid lines in Fig. 2 . Same procedure was used to process the spectra of dry sample that are shown in Fig. 2A -C by rhombuses. The terahertz-infrared spectra are described with a Lorentzian (infrared excitation seen as increase in 3 00 and s 1 above 10 12 Hz) and Debye (terahertz response of water seen as a peak around 10 11 Hz in panel B) models as explained below. Fig. 3A -C plots the temperature dependences of the above parameters and there is clearly a hydration dependence. The hopping contribution to the radio-frequency response also freezes out while cooling (Fig. 3B) . The temperature dependence of the hopping exponent s shows a crossover at 200-240 K from hopping regime (s ¼ 0.7-0.8) to the nearly constant loss regime (s > 0.9). Usually nearly-constant loss regime in proteins is associated with the dynamics of caged water molecules.
55,59
In many cases the experimental data on AC/DC conductivity and dielectric permittivity of disordered conductors, obtained at different frequencies and temperatures, can be merged on a single master curve thus signifying the frequency-temperature superposition principle. 52, 60 Such universal scaling can be revealed by plotting the reduced conductivity or permittivity versus reduced frequency. 61 Physically, its fulllment indicates an unchanged mechanism of electrodynamic response (in the present case conductivity) in corresponding frequency and temperature intervals. We plot such a curve in Fig. 4 for the conductivity spectra of the 13.5% wt melanin according to the relation:
where F is scaling function. For the room-temperature data, our measured DC conductivity was used. However, since we were unable to obtain s DC at lower temperatures, s DC values were chosen to satisfy eqn (6) . In essence, we utilized universal scaling to our advantage to infer the conductivity of melanin where we were unable to measure. This technique should prove useful for conductive biomaterials in general. The values of s DC were then used to obtain a characteristic activation energy 0.65 eV AE 15%, which is similar to the activation energy of 0.43 eV AE 10% observed for the peak tting of the 0.2 Hz feature. This is not surprising given that such a feature is approaching the DC limit behavior, as one would naturally infer from Fig, 2c (295 K, wet data, low frequency).
As a consistency check on the scaling methodology above, the AC data obtained at 1 Hz was plotted vs. 1/T, and an activation energy of 0.52 eV AE 10% was extracted (Fig. S2, † lled  circles) . Again, similar to our inferred DC conductivity activation energy, with discrepancies most likely being due to not operating in the DC limit. For completeness, we include the 1 Hz data obtained for the dry sample with the associated activation energy of 0.43 eV AE 10%, which is similar to the activation energies obtained for the 60 Hz feature in the vacuum level data (Fig. S2 †) .
It should also be noted that we do not observe any sign of relaxation processes described and interpreted by Jastrzebska et al. 39 as a sign of two types of hopping phenomena. However, we did not heat our samples to as high temperatures as reported by them.
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To model the terahertz spectra (included in Fig. 2) we used a Lorentzian expression that describes the resonance located above our highest frequency, and the Debye expression 56 to reproduce the response of water molecules (free or bound) clearly seen at T ¼ 325 K in the spectra of Fig. 5 (note the changes in the value is non zero). The Debye expression used is given by:
where D3 D is relaxation strength and g D is the relaxation rate. Strong sensitivity to water of the THz spectra is demonstrated in Fig. 5 , where the permittivity spectra of a wet melanin sample are shown ($14.7 wt% at 22 C). At high enough temperatures (250 K and above) a strong increase towards low frequencies of 3 0 (n) and attening of 3 00 (n) spectra can be seen. Both features are strongly indicative of a relaxational response of water molecules with a characteristic relaxation frequency located below our working THz interval. Note that in the absence of mentioned relaxational feature the real and imaginary permittivities would show 3 0 / const and 3 00 / 0 at n / 0. This result acts as an independent conrmation that signicant amounts of liquid like water is present in the wet melanin sample at high temperatures. We note that the hopping regime elucidated above (Fig. 3C ) dominates at 250 K and above, as well, hence suggesting that liquid like water is a necessary component for conductivity.
Heat capacity measurements results
The results of our specic heat measurements of dry and wet (15-20 wt% of water) melanin are presented in Fig. 6 . As can be seen, at temperatures below 3.5 K and above z20 K the wet sample has a larger specic heat compared to the dry sample. This effect is more clearly demonstrated in the c P (T)/T 3 vs. T presentation (Fig. 6B) , where both dry and wet melanin types reveal a feature typical for classic amorphous systems -a boson peak. The boson peak is observed in disordered materials in the form of an excess contribution to the vibrational density of states (VDOS) g(n), relative to the Debye component g D (n) $ n 2 .
This additional contribution can be observed by inelastic neutron or Raman scattering 62-67 and as a peak in the specic heat plotted as c P (T)/T 3 vs. T.
56,68
Furthermore, there is a remarkable observation which comes from the inset on Fig. 6A . Within the framework of our techniques the specic heat of dry melanin goes to zero as we approach to 0 K, unlike specic heat of wet melanin. This suggests that dry melanin has a more regular, less disordered structure. Furthermore, we also observe that at temperatures above 100 K, again unlike in wet sample, we can clearly see a gradual decrease of the dry melanin heat capacity (Fig. 6) , which speaks in favor of structural reforming within the system. We will discuss this in more detail in the discussion below.
We also note that the heat capacity does not go to 0 as we approach 0 K in the case of wet melanin thus pushing us to add linear component to standard boson peak and Debye-like terms which are enough for description of dry sample behavior.
Discussion
The 0.2 Hz feature
The current study revealed several phenomenological peculiarities that have not been observed earlier. For example, two low frequency relaxations with characteristic frequencies at $0.2 Hz and $60 Hz have not been reported before. To explain the origin of these features one needs to recall both melanin's solid-state chemistry and physical structure. We will focus on the 0.2 Hz peak rst and note three key features of the 0.2 Hz response, which are: (a) has a relaxation frequency of 0.2 Hz, hence the physical size/mass of the electric dipole involved must be large to account for the slow response; (b) only seen in hydrated melanin; (c) has an activation energy of 0.43 eV AE 10%. The most parsimonious explanation accounting for these observations is to assign the 0.2 Hz relaxation to the semiquinone anions within melanin. Dealing with point (a) rst, the reality is that the semiquinone moieties with melanin will be part of an oligomer sheet of 4-6 monomers, 20, [69] [70] [71] [72] [73] which in turn will stack with other such sheets via the p-p interaction 69,74 to form a colloidal particle. Hence, the charged electric dipole of the semiquinone, in order to align itself with the electric eld, will have to rotate a relatively larger colloidal particle, leading to a slow relaxation frequency.
Given that the comproportionation reaction, and hence the semiquinone, is mostly exhibited in hydrated melanins 26 due to the requirement of two water molecules to generate them, it addressed point (b) and explains why this 0.2 Hz feature is not present in the dry sample.
The above leads us directly to point (c), in order to explain the origin of the activation energy, it is necessary to recall the equilibrium constant for the overall comproportionation reaction:
where a x y is the activity for a particular chemical species, H 2 Q refers to hydroquinone, Q to quinone, SQ À refers to the semiquinone, H 2 O is for water, H 3 O + refers to hydronium, R is the universal gas constant and D r G comp is the Gibbs free energy of reaction for the comproportionation equilibrium. D r G comp magnitude can be estimated (see ESI †) from the known underlying monomer chemistry of dihydroxyindole, a building block of melanin, and comes in around 1.08 eV. If one makes the approximation that:
which implies that the concentration variation of the semiquinones will have an activation energy of approximately D r -G comp /2, or 0.54 eV. Since D3, the relaxation strength, is related to the number of dipoles, i.e. semiquinone concentration, it can be seen that the activation energy determined from Fig. 3a for the 0.2 Hz relaxation shows remarkable similarity to what one would estimate from the comproportionation reaction equilibrium chemistry. That the comproportionation reaction is the origin of the 0.2 Hz feature is bolstered by the fact that the temperature dependent trend of the dielectric parameters have the same behavior as the hydration dependent trend reported elsewhere 34 ( Fig. S1 †) . This argues for the same underlying mechanism i.e. the comproportionation reaction.
Indeed, if the above interpretation is adopted, unusual consistency can be obtained when inspecting the scaled DC conductivity data (Fig. 4) . Since melanin is a proton conductor 34 who's conductivity is due to charge density changes of protons regulated by the comproportionation reaction, one can write
Hence, one would anticipate that the conductivity would show the same order of magnitude in its activation energy as for the dielectric relaxation at 0.2 Hz. Given that 0.65 eV AE 15% is recorded for the DC conductivity, it is again conrmation of the consistency of the above interpretation.
In short, the data, both conductivity and dielectric spectra, conrms the presence of the comproportionation reaction, but for the rst time is done so utilizing the temperature variable.
The 60 Hz feature
Our above explanation inclines us to believe that energies around the 0.5 eV value may be signature values for chemical equilibria. Hence, with this mind set we approached the 60 Hz relaxation feature by noting the following key features: it is higher in frequency than the 0.2 Hz feature, is present in both the dry and wet melanin forms, it is smaller in magnitude to the 0.2 Hz feature, and it has a lower energy of activation of 0.39 eV AE 40% than the 0.2 Hz feature. Considering the higher frequency of the relaxation, it implies that the electric dipole entity is spatially/mass wise smaller in magnitude. Furthermore, the smaller magnitude of the relaxation strength implies far fewer entities than the semiquinone. The best explanation for these observations is to assign the 60 Hz feature to the carboxylic acid groups present in melanin. First, they are smaller entities and hence easier to polarize, leading to a higher relaxation frequency. Furthermore, there is only a few COOH moieties present in our samples, which explains the lower dielectric strength. One can also write:
and
where COOH indicates the protonated carboxylic group, COO À indicates the deprotonated carboxylic acid group and D r G a is the Gibbs free energy of reaction for the acid dissociation. With a pK a of 4.25(6) for DHICA, 75 this leads to an activation energy of 0.25 AE 0.1 eV. This falls within uncertainty of the estimated 0.39 AE 40% eV.
If the above view is adopted, it can also explain why this 60 Hz feature is present in both dry and wet melanin. The rst is that dry melanin usually still have trace amounts of water 20, 42 and since only one water molecule is required for ionization, and there is a lower activation energy involved, observing it should not be a surprise. Naturally, water is plentiful in the wet melanin sample, hence why one observed it there.
This may also explains the activation energy observed in the 1 Hz conductivity data (Fig. S2 †) for the dry melanin. The lower activation energy vis-à-vis the wet sample, most likely indicates the activation energy of the carboxylic acid dissociation.
An intriguing conclusion can be drawn. The carboxylic acids present do not contribute much to the proton conductivity of melanin. They are too few in number and the conductivity is clearly dominated by a higher activation energy process (i.e. the comproportionation reaction). This has been assumed to be the case in past discussion in various works, but the data presented here conrms it experimentally.
Conductivity and terahertz results
With the 0.2 Hz, 60 Hz and conductivity data explained, we move to the nature of the conductivity mechanism. For wet melanin, the hopping exponent s (see eqn (4)) increases from $0.7 to $0.9 with decreasing temperature. These values are indicative of a hopping mechanism. In addition, as noticed in the correlation with the terahertz data in Fig. 5 , liquid like water appears to be necessary for this hopping mechanism, which though slowly becomes frozen out as one passes 160 K. The conductivity mechanism, for the wet melanin sample, then enters the range of values similar to the dry melanin, implying a convergence in mechanistic behavior.
Considering that melanin is a proton conductor, it is not unreasonable to assume a Grötthuss mechanism 76 as the hopping mechanism observed in the wet sample. As the sample is cooled the amount of liquid, hence easily rotatable molecules, becomes less. This leads to a freezing out of the hopping mechanism at low temperature. The low temperature nearly constant loss regime can then tentatively be assumed to indicate a mass of center diffusion mechanism or a much slower hopping mechanism, which will also be present in the dry sample with characteristic activation energy of 0.026 eV AE 20%.
Heat capacity results
We discuss the boson peak behavior rst (Fig. 6B) . Peculiarities of boson peak behavior in proteins and other organic glassformers have already been intensively studied by the group of Sokolov. 77, 78 They demonstrated that the boson peak shape should not be directly associated with specic chemical composition and chemical bond type of particular glass-former, but is related to general features common to glasses and proteins. Currently, they ascribe the universality of boson peak phenomena to nanoheterogeneity models. 78 Namely, the density of states spectrum is determined by the spatial distribution of uctuations of elastic constants of the amorphous structure. In turn, these can be considered as universalities observed in a wide class of materials. The effect of boson peak shiing to higher temperatures with increase of water content (inset in Fig. 6B ) is also well known for proteins. Precise analysis of this effect for the case of lysozyme can be found in (ref. 77): increase of hydration results in shiing of the boson peak to higher temperatures, owing to an increase of contribution coming from the fast (picoseconds) relaxation processes associated with the "rattling" of amino acids within cages formed by neighboring residues and solvent molecules. In the case of melanin, carboxylic acid moieties rotation and vibration are a plausible source, especially if they are hydrated.
Turning to Fig. 6A and its peculiar features. We rst note the low temperature regime (inset), where the dry melanin limits to no heat capacity at 0 K, while the wet melanin sample emphatically have a non-zero intercept. Traditionally, for well ordered, non-conductive systems, the heat capacity limits to zero as one approaches 0 K since all the phonon modes are frozen out. A non-zero intercept is then indicative of free carriers. Naturally, given that melanin is an amorphous proton conducting material, this interpretation would normally give way to an alternative viewpoint: that the non-zero intercept is a common observation for disordered systems, and is related to lattice vibrations with trapped cavities included. 64 However, this latter view also faces difficulties since the dry melanin sample should then also demonstrate a non-zero intercept for the heat capacity.
In short, the indirect signatures of the possible presence of free carriers in wet melanin both at high (scaling on Fig. 4 ) and at low (linear component of specic heat on Fig. 6 ) temperatures are obviously not enough to regard melanin as a system with free electrons and/or protons in a wide temperature range. Unfortunately, we were not able to measure s DC and estimate s 1 in radiofrequency range of the wet melanin (with 15-20% wt of water) at the lowest temperatures. The latter one can, possibly, give us dispersionless behavior as a clear signature of free Drude-like carriers in the system. Thus, these points indicate the need for further study to further elucidate the low temperature heat capacity behavior.
Finally, we turn to the high temperature heat capacity data for melanin. For the wet melanin above 100 K, the behavior is as expected. From 100 K to $200 K the heat capacity/temperature data is constant as would be expected for the Dulong-Petit law. The changes in the heat capacity aerwards is due to water melting and then evaporation. In contrast, the dry melanin data is irregular. In the 100 K and above data, there is decrease in the data line, violating the Dulong-Petit law. This may be due to a structural change within the dry melanin. It suggests that dry melanin has, as it is being heated, becoming more disordered, hence implying a more "ordered" state. Furthermore, this "ordered" state should be absent in the hydrated polymer. As such, we tentatively advance the idea that the effects seen is due to the formation of quinhydrone pairs at lower temperatures. The quinhydrone hypothesis for melanin has been discussed in the past but has fallen out of favor in recent decades (see discussion in the ESI †). On the one hand, the formation of quinhydrone dimers (as seen in Fig. 1, pathways I , II and III) should lead to greater regularity of the system at low temperature. But on the other hand it should also signicantly destroy the general network of H-bonds, leading to higher energy barriers for proton conduction within material.
Implications for melanin based devices
The biomimetic synthetic analogue of melanin used in this study has potential application in bioelectronic devices as was indicated in the introduction. Since it is made synthetically, and hence there is more control, applying it to devices is a natural way to go. The present study touches on the fundamental questions of charge transport and mechanism of melanin and hence will inform what kind of devices are feasible in principle using our material. Our results clearly align with the view that the redox chemistry of melanin, via the comproportionation reaction, is responsible for the conductivity of melanin. Hence, considering melanin as a semiconductor is out of the question and thus attempting to create devices such as eld effect transistors from melanin are most likely not feasible, since such devices require a semiconductor material.
In contrast, melanin based devices utilising its ionic behaviour have a future, as recent work on batteries, 16,17 capacitors 14 and organic electrochemical transistors 12 prove. Furthermore, as our work would indicate, the carboxylic acid groups do not contribute much to the charge transport, hence focus in creating different kinds of biomimetic melanins in order to control the relative DHI/DHICA content (i.e. controlling the carboxylic acid content) may not offer great advantages as far as proton charge density is concerned. However, this does not discount the importance of the ratio when it comes to secondary structural formation, 79 which may still strongly inuence charge transport in other aspects.
Conclusions
In conclusion, we have presented the rst systematic temperature controlled DC, AC conductivity/permittivity/dielectric spectroscopy and heat capacity measurements on the synthetic melanin while controlling its hydration state appropriately.
The control of these variables was key in demonstrating the potential connection between the hydration dependent behavior for melanin and the temperature dependent behavior. Consistency is achieved with the current proposed indolequinone molecular model where the redox comproportionation reaction is believed to play a dominant role. The data shown here is the rst demonstration of the self-consistency of this interpretative model in solid-state melanin using the temperature axis. Furthermore, we were able to pick up the signature of a potential mechanistic competitor in the form of the deprotonation of the carboxylic acid groups in melanin and show that it plays only a minor role. In addition, it was shown that the hopping mechanism in melanin most likely requires liquid water to operate.
Data availability
The data that support the ndings of this study are available from the authors on reasonable request.
